[1] This paper shows evidence of interannual variation of the local diurnal variability over equatorial Africa. The dry season of December-February over the equatorial African region of the eastern Democratic Republic of Congo (formerly Zaire) typically experiences wetter (drier) than normal seasonal anomalies during warm (cold) El Niño-Southern Oscillation (ENSO) events. This study finds that from the additive influence or phase locking of the seasonal cycle, the interannual signal from ENSO, and the local diurnal cycle, there is a tendency for local amplification of the remote ENSO signal over this region of equatorial Africa. This additive influence of the three temporal scales over the equatorial African region is established from the analysis of a multidecadal coupled ocean-atmosphere model integration that simulates the observed seasonal cycle and its interannual variations over equatorial Africa reasonably well.
Introduction
[2] The focus of this paper is on a region largely located over the Democratic Republic of Congo (formerly Zaire; 20°E-30°E, 6°S-7°N). Hereafter, this region will be specifically referred to as equatorial Africa. This region has been selected to demonstrate the scale interactions across two very different spatial and temporal scales: local diurnal variability and large-scale interannual variations. There have been some scale interaction studies conducted in the frequency domain, pioneered by Hayashi [1980] . These studies compute wave energy flux across frequencies by examining, for example, the genesis and maintenance of the intraseasonal variability [Krishnamurti et al., 2003] , tropical middle-latitude interactions [Krishnamurti et al., 1998 ], and dynamics of phase locking [Krishnamurti and Chakraborty, 2005] . This study, however, differs by showing the modulation of the local diurnal scale by the large-scale interannual variations without invoking an energy budget study of nonlinear interactions in frequency space.
[3] In many observational and modeling studies of African rainfall [Nicholson, 1986; Mulenga et al., 2003; Reason and Jagadeesha, 2005; Giannini et al., 2008] , it is shown that the strongest El Niño -Southern Oscillation (ENSO) signals in Africa are prevalent over eastern equatorial Africa and southeastern Africa. Furthermore, many of these studies indicate that the rainfall signal over Africa is seasonally specific, which results in the signals being out of phase between the southern and equatorial latitudes of Africa. Reason and Rouault [2002] showed that ENSO-like decadal patterns of mean sea level pressure and sea surface temperature (SST) have considerable influence on the summer rainfall over eastern and northern South Africa on decadal time scales, which are also impacted by ENSO on interannual time scales. In this study, we show evidence of similar interaction across temporal scales, but between interannual variation of ENSO and local diurnal variability over equatorial Africa. In another related study, indicated that interannual variations of evapotranspiration can be significant over equatorial Africa with even zonal means of evapotranspiration varying by over 200 mm yr À1 over a long-term mean of the order of 350 mm yr
À1
. Balas et al. [2007] showed in their observational work that there is considerable spatial heterogeneity in the interannual variations of precipitation over western equatorial Africa. Jackson et al. [2009] indicated that the interaction of topographic effects, the associated regional circulation, and the influence of the African easterly jet may partially explain for the spatial heterogeneity of the interannual variations over the western equatorial African region.
[4] Hirst and Hastenrath [1983] and Lough [1986] first showed connections between eastern Atlantic SST and rainfall over tropical Africa. Nicholson and Entekhabi [1987] showed the observed relationship between the eastern Atlantic SST along the coast of Angola and precipitation over equatorial Africa at interannual time scales. They found that this remote linkage comes from the modulation of the South Atlantic high and the Atlantic trades in response to the SST anomalies in the eastern Atlantic Ocean. In another related study, Rouault et al. [2003] showed that intrusion of warm water in the southeast Atlantic resulted in an increase in local convection and regional circulation anomalies. They suggest that this tele-connection is most robust when these local circulation anomalies modulate the flux of moisture from the Indian Ocean and southeasterly flux away from Africa toward the southeast Atlantic. Hastenrath et al. [1993] and Kabanda and Jury [1999] found that the ENSO-forced SST anomalies in the Indian Ocean can modulate the shorter rainy season over eastern equatorial Africa, which exhibits a double peak in its seasonal cycle. In a recent study, Krishnamurthy and Kirtman [2003] claimed that the SST variations in the western Indian Ocean are strongly correlated to the equatorial Pacific Ocean SST at interannual time scales, which further strengthens previous observations of the links between precipitation over equatorial Africa and SSTs in the neighboring western Indian Ocean and the remote eastern Pacific Ocean.
[5] This paper is organized as follows: a brief description of the climate model used in this study and a description of the model experiment are provided in section 2. The results are presented in section 3, followed by concluding remarks in section 4.
Model and Experiment Description
[6] The Center for Ocean-Land-Atmosphere Studies (COLA) coupled climate (CCC) model Misra and Marx, 2007] is used in this study. It consists of the atmospheric general circulation model (AGCM) version 3.2 at a spectral resolution of T62 with 28 sigma levels, identical to that of the National Centers for Environmental Prediction -National Center for Atmospheric Research (NCEP-NCAR) reanalysis model [Kalnay et al., 1996] . The dynamical core follows from the Eulerian core of the community climate model version 3 [Kiehl et al., 1998 ], wherein the dependent variables are spectrally treated, except for moisture, which is advected by a semiLagrangian scheme. The relaxed Arakawa-Schubert scheme [Moorthi and Suarez, 1992; Bacmeister et al., 2000] is used for deep convective parameterization. The longwave and shortwave radiation schemes are identical to those in the community climate system model version 3.0 [Collins et al., 2006] . The clouds are diagnosed following the work of Slingo [1987] , and the cloud optical properties follow work by Kiehl et al. [1998] . The planetary boundary layer is a nonlocal scheme [Hong and Pan, 1996] , and the shallow convection uses the formulation of Tiedtke [1984] . The land surface scheme uses the Simplified Simple Biosphere scheme (SSiB) [Xue et al., 1991 [Xue et al., , 1996 Dirmeyer and Zeng, 1999] .
[7] The COLA AGCM is coupled to the modular ocean model version 3.0 (MOM3) [Pacanowski and Griffies, 1998 ]. MOM3 covers the global oceans between 74°S and 65°N with realistic bottom topography. However, ocean depths less than 100 m are set to 100 m, and the maximum depth is set to 6000 m. The artificial high-latitude zonal boundaries are impermeable and insulating. MOM3 has a uniform zonal resolution of 1.5°whereas the meridional resolution is 0.5°between 10°S and 10°N, gradually increasing to 1.5°at 30°N and 30°S, and fixed at 1.5°in the extratropics. The vertical mixing is the nonlocal K profile parameterization of Large et al. [1994] ; the momentum mixing is the space-time dependent scheme of Smagorinsky [1963] ; and the tracer mixing follows the quasi-adiabatic stirring of Redi [1982] and Gent and McWilliams [1990] .
[8] The CCC model is integrated for a period of 100 years from well spun-up ocean initial conditions that were obtained from a previous multidecadal coupled integration from the same coupled model. However, the results are presented from the last 50 years of the integration, when the surface meteorological variables were stored at intervals of 3 h.
[9] ENSO variability is of critical importance in this study. The fidelity of this variation in the CCC model has been discussed extensively by Misra et al. [2007] . Misra et al. [2007] showed that the CCC model is able to capture the seasonal phase locking of the ENSO variability to a realistic annual cycle of the eastern equatorial Pacific Ocean and that the model durations of the ENSO events are comparable to those of observations. Furthermore, the ENSO evolution in the CCC model conforms to the delayed oscillator theory. The model, however, has a relatively weaker ENSO variability than the observed variability and is dominated by the erroneous split Intertropical Convergence Zone (ITCZ) phenomenon.
Results
[10] For verification of the model results, precipitation from the Climate Research Unit (CRU) of the University of East Anglia [Mitchell et al., 2004] , available as a monthly mean at 0.5°from 1901 to 2000 for the global land surface, is used. Additionally, the Tropical Rain Measuring Mission 3B42 (TRMM) precipitation product is also used. This product is composed of 3-hourly derived precipitation rates from 1998 to the present at a horizontal resolution of 0.5°. Hadley Center Global Sea Ice and Sea Surface Temperature version 1.1 (HADISST) [Rayner et al., 2003 ] is used for observed SSTs, which are available as monthly means at 1°r esolution from 1901 to the present. A 6 year high-pass Butterworth filter is applied to CRU and HADISST data sets to remove variability on time periods longer than the interannual time scales [Karspeck and Cane, 2002] . The decadal variations in the CCC model data set are extremely small. The CO 2 concentration in the CCC model is kept at a constant value of 345 ppm to reflect the present-day concentrations. Therefore, the high-pass filter is not applied to the CCC model output data.
[11] For verification of the land-atmosphere interactions, the Global Offline Land Data assimilation (GOLD) [Dirmeyer and Tan, 2001 ] is used. It is available at daily time intervals for the period of 1960 -2002 at T62 spectral truncation, which is $200 km grid resolution. The land surface model in GOLD is SSiB, which is identical to that in the CCC model. There are 12 vegetation types in SSiB. The spatially varying soil parameters and spatiotemporally varying vegetation parameters are prescribed from the International Satellite Surface Climatology Project (ISLSCP) Initiative I land surface data set [Meeson et al., 1995] . GOLD is forced by the meteorological forcing data from ERA-40 reanalyses and monthly precipitation estimates from the Global Precipitation Climatology Centre [Rudolf et al., 1994] . GOLD was created to generate a spatially and temporally continuous land surface data set for specifying initial and/or boundary conditions for the CCC model and climate variability analysis over land. Some of the drawbacks of GOLD are that it is an uncoupled (with the atmosphere) integration of the land surface scheme and that it is forced with the NCEP-NCAR [Kalnay et al., 1996] reanalysis surface meteorology, a model product that has errors from shortcomings in model resolution, parameterizations, and assumptions in the data assimilation. However, GOLD uses a number of gridded observational data sets at lower temporal resolution to help constrain the NCEP-NCAR reanalysis. The details of these observational data sets are given by Dirmeyer and Tan [2001] . It is also important to mention that the GOLD analysis is conducted with a land surface model that lacks a lake model. Given the proximity of Lakes Tanganyika and Victoria to our region of interest, this may be one of the significant limitations of the GOLD analysis.
Seasonal Cycle of Precipitation
[12] The seasonal cycle of precipitation over equatorial Africa from the CRU and the CCC model is shown in Figure 1a indicate that there are two distinct rainy seasons: one in March -May and the other in September -November, with the latter reaching the annual peak. The CCC model simulates the seasonal cycle of precipitation over equatorial Africa reasonably well and shows the double peak in the correct months of the year. However, the CCC model exhibits a relatively small dry bias in the seasonal cycle. The interannual variation of the observed precipitation (Figure 1b ) over this region is not phase locked to this unique seasonal cycle. The standard deviation of the monthly mean observed precipitation is relatively ''flat'' with a modest increase in the late boreal winter season. These features of interannual variation of precipitation are also fairly well simulated in the CCC model. The CCC model, however, has a bias of overestimating the interannual variation of precipitation over the equatorial Africa region for most of the year, except in late boreal summer and fall seasons.
[13] The analysis in this paper will dwell on the DecemberJanuary -February (DJF) season. This boreal winter season of DJF is unique to the equatorial Africa region for at least two reasons: it is the driest in the seasonal cycle of precipitation over the equatorial Africa region, and it is when the ENSO-forced variations peak.
Large-Scale Interannual Variation
[14] In Figure 2a , the regression of the DJF seasonal mean precipitation over equatorial Africa from CRU on the corresponding Niño3 SST index from HADISST is shown. It is clearly seen in Figure 2a that significant precipitation anomalies that appear over equatorial Africa correspond to wet (dry) precipitation anomalies during warm (cold) ENSO events. Figure 2b shows the corresponding CCC model. The CCC model is able to reasonably simulate these observed seasonal precipitation anomalies over equatorial Africa that are linearly related to the SST variability in the Niño3 region. There is, however, some apparent discrepancy in the simulated precipitation anomalies of the CCC model near the eastern coast of southern Tanzania. Kijazi and Reason [2005] showed that ENSO influence over the Tanzanian coast manifests over the intraseasonal scales. The error over Tanzania in Figure 2b is consistent with Misra [2009] , who indicated that the CCC model has an erroneously low variance at intraseasonal time scales. Nonetheless, such remote teleconnection patterns are a result of the setting up of an anomalous atmospheric circulation in response to the SST anomalies [Alexander et al., 2002; Nigam, 2003] . As Gill [1980] showed, for an equatorial heat source with a sinusoidal heating anomaly in the vertical, the atmospheric ). Velocity potential significant at 10% significance according to the t test is plotted. The regressions are scaled to one standard deviation of the Niño3 SST index.
response is the first baroclinic mode with a pair of anticyclones symmetric about the equator. The shifting of the deep tropical heating to the central equatorial Pacific region in a warm ENSO event leads to a consequent response of the atmosphere as shown in Figure 3 . Figure 3 depicts the regression of the 200 hPa DJF seasonal mean divergence and divergent wind from the NCEP-NCAR reanalysis [Kalnay et al., 1996] on the contemporaneous HADISST Niño3 SST index. Figure 3b shows the corresponding CCC model integration. There are obvious differences in the large-scale upper level anomalous divergence pattern between the NCEP-NCAR reanalysis (Figure 3a ) and the CCC model (Figure 3b) , especially in the strong upper level convergence over the Indo-Pacific region. During a warm ENSO event, the anomalous upper level convergence cell (with low-level divergence) is located farther westward in the CCC model compared to the NCEP-NCAR reanalysis. This is a result of the erroneous westward extension of the ENSO variability in the CCC model beyond the dateline, evident from the westward extension of the anomalous upper level divergence over the equatorial Pacific Ocean. This error is present in many of the coupled climate models [Capotondi et al., 2006] . The associated secondary anomalous upper level divergence cell (with low-level convergence) over the western Indian Ocean is erroneously stronger in the CCC model relative to the NCEP-NCAR reanalysis. It is, however, this east-west anomalous atmospheric circulation that teleconnects the precipitation variability over equatorial Africa to remote SST variations over the Niño3 region in the eastern equatorial Pacific Ocean at interannual time scales. This can be noted from the close proximity of the precipitation anomalies over equatorial Africa in Figure 2 to the nodal point of the anomalous upper level divergent wind over the western Indian Ocean in both observations and in the model simulation. However, the differences observed in the anomalous atmospheric circulation between the NCEP reanalysis and in the CCC model in Figure 3 are consistent with the differences in the precipitation anomaly seen between the CRU data set and the CCC model simulation in Figure 2 .
[15] This shift in the large-scale atmospheric circulation associated with ENSO variability also influences the distribution of the daily precipitation in the DJF season over the equatorial Africa region. This is shown in Figures 4a and  4b , which display the distribution of the daily precipitation normalized by the total number of days in the DJF season through the length of the data set in TRMM (8 years) and in the CCC model (50 years), respectively. They are binned into 10 unequal bins so that the respective climatological distribution over equatorial Africa has an equal number of days in each bin (decile; represented by the flat line at 0.1 in Figure 4 ). Both TRMM (Figure 4a ) and the CCC model ( Figure 4b) show a clear shift at the tail ends of the distribution between the warm and the cold ENSO events. It is apparent from Figure 4 that a cold (warm) ENSO event entails a higher frequency of stronger (weaker) precipitation events over equatorial Africa in both the CCC model and in the TRMM data sets. For example, in a La Niña year in Figure 4b , the CCC model simulates, on average, about 50% of the days in the DJF season having less than 1 mm d À1 of precipitation (obtained roughly as the area between the climatological distribution and the La Niña distribution up to 1 mm d
À1
). Similarly, in an El Niño year, Figure 4b suggests that nearly 50% of the days in the DJF season have precipitation in excess of 1 mm d
. In comparison, TRMM observations indicate that nearly 50% of the days in the DJF season receive precipitation less than 2 mm d À1 in a La Niña year, whereas 50% of the days in an El Niño year receive over 3 mm d
. In other words, it may be noted that the CCC model clearly underestimates (overestimates) the strong (weak) precipitation events relative to TRMM during warm (cold) ENSO events. But the comparatively smaller sample size and higher spatial resolution of the TRMM data sets may have caused some of these differences from the CCC model in Figure 4. 
Interannual Variation of the Diurnal Variability
[16] The interannual variation of the DJF seasonal precipitation anomalies over equatorial Africa shown in Figure 2 is comparable when the seasonally averaged daily diurnal precipitation range is used instead of the total precipitation. The seasonal mean diurnal precipitation range is calculated as the seasonal average of the daily diurnal amplitude. The 3-hourly data from the TRMM and the CCC model simulation are averaged over the days and the years separately for each 3 h period to derive a climatological seasonal mean diurnal cycle. We then compute the daily diurnal amplitude as the difference of precipitation between the time of the zenith and the nadir of this climatological diurnal cycle. It may be noted that CRU does not have the temporal resolution to resolve the diurnal variability. Therefore, we resort to TRMM data sets for the analysis here. In Figure 5a , we show the regression of the seasonal anomalies of the diurnal precipitation range (computed using the 3-hourly data) from the TRMM 3B42 data set on the Niño3 SST index. Figure 5b shows the corresponding total seasonal mean precipitation from the same TRMM data. Figures 5a and 5b are comparable, suggesting the interannual variations manifest strongly at local diurnal scales over the equatorial African region. The appearance of the anomalies over equatorial Africa in Figure 5b is qualitatively comparable to that obtained in Figure 2a , despite the TRMM and the CRU data sets being two independent sources of data covering different time periods. It may be mentioned that only 8 years (1998 -2006) of TRMM data are used here. However, the differences between Figures 5a and 2a are also appreciable. Quantitatively, the TRMM precipitation anomalies in Figure 5b are much larger than the CRU estimates in Figure 2a . Comparing Figures 5c and 2b , the CCC model also displays a similar feature of the interannual variations of the diurnal variability over the equatorial African region. But there are some differences between the TRMM anomalies in Figure 5a and the CCC model anomalies in Figure 5c that point to potential model errors. Essentially, however, these regressions suggest that the diurnal range of precipitation over equatorial Africa is lengthened (shortened) in an El Niño (La Niña) year.
[17] Likewise, the regression of the DJF seasonal mean of the daily diurnal range of precipitation (computed from the 3-hourly data) of the CCC model on the contemporaneous Niño3 SST index is also able to reproduce the teleconnection patterns over equatorial Africa (Figure 5b ). In fact, the magnitude of the regression in Figure 5b is larger than in Figure 2b , suggesting that there is some compensatory influence of this interannual signal from atmospheric time scales other than the diurnal variation.
Mechanism of Scale Interactions
[18] The question asked here is, What is the mechanism by which the remote ENSO forcing interacts with diurnal variability of precipitation over equatorial Africa? The answer to this question lies in the additive influence (or phase locking) of the seasonal cycle, the interannual signal from ENSO, and the local diurnal cycle.
[19] As shown in Figure 1a , the DJF season is the driest season over equatorial Africa. In Figure 2 , this seasonal mean precipitation over equatorial Africa varies with SST variations in the Niño3 SST index associated with ENSO. From Figure 2 , it follows that a warm (cold) ENSO event would entail a wetter (drier) than normal DJF season over the equatorial Africa region. This interannual variation is also quite apparent in the daily rainfall distribution shown in Figure 4 . The CCC model simulation shows that on average in a La Niña year, nearly 15% (50%) of the days in the DJF season have less than 0.1 mm d À1 (1 mm d À1 ). As explained below, such reductions in rainfall in an already dry season will account for a significant reduction in land feedback. [20] Figure 6 shows that the land-atmosphere coupling is critical to the maintenance of the precipitation over this region. Following the work of Misra [2008] , the average decorrelation time of daily precipitation from observations (GOLD data) and the CCC model simulation are shown in Figures 6a and 6b , respectively. This average decorrelation time is defined as the average time in days during the season when the autocorrelation of daily precipitation falls below the significance level according to the t test. Both observations and the CCC model show that over the equatorial Africa region, there is an extended memory of daily precipitation that exceeds 4 days. This feature of extended memory of the daily precipitation is sustained by local surface evaporation. This is illustrated in Figures 6c and  6d , which show the average time in days by which the surface evaporation leads precipitation in the GOLD data set and the CCC model simulation in the DJF season. The similarity in the patterns and magnitude between Figures 6a and 6c in the GOLD data set and Figures 6b and 6d in the CCC model simulation clearly indicates that surface evaporation acts as the source for the extended memory of the daily precipitation over equatorial Africa.
[21] In Figures 7a and 7b , it is shown that the areaaveraged decorrelation time of daily precipitation over equatorial Africa in the DJF season in the GOLD data set and the CCC model simulation, respectively, does not strongly correlate with the Niño3 SST index variations. Similarly, in Figures 7c and 7d , the area-averaged lead time of evaporation on precipitation over equatorial Africa in GOLD and the CCC model simulation does not change significantly with Niño3 SST index variations. In other words, the ENSO variations do not affect the character or the strength of the existing land-atmosphere coupling over equatorial Africa.
[22] Therefore, in a La Niña year of the driest season of DJF over equatorial Africa, when there is a lack of precipitation, there is a significant positive land feedback from the relatively dry land surface, which further exacerbates the drying at diurnal scales. This is because land-atmosphere positively feeds back to the reducing precipitation at diurnal scales as observed in Figure 5 . On the contrary, in an El Niño year, the interannual signal of precipitation is able to mitigate the periodic dryness from the seasonal and diurnal cycles, thereby showing a larger contrast from a La Niña year over equatorial Africa.
[23] Although the role of the land feedback in the interannual variations of the diurnal variability of equatorial Africa is emphasized, it should be noted that this region of equatorial Africa is transected by the ITCZ, which would suggest that moisture flux convergence would be critical. In Figures 8a and 8b , we show the regression of the vertically integrated (through the depth of the atmosphere) moisture flux convergence and 850 hPa moisture flux (one of the lower levels in the CCC model with high moisture flux) on the standardized Niño3 SST index from the NCEP-NCAR reanalysis and the CCC model integration, respectively. Qualitatively, the results are comparable in the reanalysis and the CCC model with enhanced moisture flux convergence (divergence) in El Niño (La Niña) years over equatorial Africa. Furthermore, the enhanced moisture flux is from the western Indian Ocean in both Figures 8a and 8b. However, there are significant differences between Figures 8a and 8b, with enhanced 850 hPa meridional moisture flux anomalies from the southern latitudes of South Africa in the NCEP-NCAR reanalysis that is poorly simulated in the CCC model. Furthermore, the magnitudes of the moisture flux anomalies are larger in the reanalysis. Significant differences in the moisture flux convergence anomalies are also evident between Figures 8a and 8b . However, the moisture analysis in the NCEP-NCAR reanalyses has often been quoted to be poor, especially in the tropical latitudes [Karam and Bras, 2008; Trenberth and Guiellemo, 1998; Mo and Higgins, 1996] .
Conclusions
[24] It is shown from observations that the DJF seasonal mean precipitation anomalies over equatorial Africa (20°E-30°E, 6°S-7°N) are strongly associated with the contemporaneous SST variations over the Niño3 region. This interannual variation of precipitation is also reflected at the local diurnal scales over equatorial Africa. Both of these features are captured, at least qualitatively, in a multidecadal integration of the CCC model. This observed feature is investigated further for its mechanism in the model results. It is broadly agreed that such remote teleconnections occur through the formation of atmospheric bridges [Alexander et al., 2002; Nigam, 2003] , which is confirmed in this case both from the NCEP-NCAR reanalysis and the CCC model integration.
[25] This study shows that the local amplification of the remote ENSO signal over equatorial Africa is a result of the additive influence of the seasonal cycle, the interannual signal, and the local diurnal cycle. The dry season of DJF over equatorial Africa superimposed by the dry signal in a La Niña year causes a severe drying. This leads to a reinforcement of the dry anomalies from the positive land feedback at local diurnal scales, as local recycling essentially sustains the rainfall anomalies over equatorial Africa. In an El Niño year, the wet signal over equatorial Africa mitigates the dry seasonal cycle, which is further sustained by positive land feedback at diurnal scales, and thereby increases the contrast from a La Niña year. This interannual variation of the diurnal variability of precipitation over equatorial Africa is also observed in the TRMM data set.
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